The ␣7 nicotinic acetylcholine receptors (nAChRs) are uniquely sensitive to selective positive allosteric modulators (PAMs), which increase the efficiency of channel activation to a level greater than that of other nAChRs. Although PAMs must work in concert with "orthosteric" agonists, compounds such as GAT107 ((3aR,4S,9bS)-4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide) have the combined properties of agonists and PAMs (ago-PAM) and produce very effective channel activation (direct allosteric activation (DAA)) by operating at two distinct sites in the absence of added agonist. One site is likely to be the same transmembrane site where PAMs like PNU-120596 function. We show that the other site, required for direct activation, is likely to be solventaccessible at the extracellular domain vestibule. We identify key attributes of molecules in this family that are able to act at the DAA site through variation at the aryl ring substituent of the tetrahydroquinoline ring system and with two different classes of competitive antagonists of DAA. Analyses of molecular features of effective allosteric agonists allow us to propose a binding model for the DAA site, featuring a largely non-polar pocket accessed from the extracellular vestibule with an important role for Asp-101. This hypothesis is supported with data from sitedirected mutants. Future refinement of the model and the characterization of specific GAT107 analogs will allow us to define critical structural elements that can be mapped onto the receptor surface for an improved understanding of this novel way to target ␣7 nAChR therapeutically.
The ␣7 nicotinic acetylcholine receptor (nAChR) 3 is a recognized target for both central nervous system disorders, such as Alzheimer disease and schizophrenia, and peripheral indications, such as inflammation and associated pain (1, 2) . As with other nicotinic receptors, conventional thinking has focused on the function of ␣7 as a ligand-gated ion channel that is activated by the transmitter acetylcholine (ACh). However, this traditional perspective has been challenged and enlarged upon by numerous observations. First, ␣7 receptors can be activated by choline as well as ACh (3), removing it from the position of being strictly optimized for synaptic function and suggesting that it may respond to tissue factors, especially in the context of playing a role in the modulation of inflammation (4) . Additional insights have come from the exploration of the rich pharmacology of this receptor, beginning with the identification of a variety of selective agonists and partial agonists that control the conformational dynamics of activation and desensitization in ways that are totally unlike the behavior of other nAChRs, such as those of the neuromuscular junction and autonomic ganglia that are clearly optimized for fast synaptic transmission (1, 5) . To a large degree, the specializations of synaptic nAChR arise from the evolution of different types of subunits that create the ACh-binding site at the interface between ␣ and non-␣-type subunits. In contrast to synaptic-type nAChR, ␣7 receptors form as functional homopentameric receptors with five putative agonist-binding sites at the subunit interfaces (6) . Activation of the ␣7 ion channel is most likely to occur with submaximal occupancy of the "orthosteric" agonist-binding sites (7) , and even under optimal conditions, the channels activated by orthosteric agonists open with relatively low probability and for very brief periods of time compared with other nAChRs (8) .
The richness of ␣7 nAChR pharmacology also comes from the identification of highly selective positive allosteric modulators (PAMs), which, to varying degrees, allow orthosteric agonists to overcome the factors that limit the channel's open probability (9) . PNU-120596, one of the most efficacious of such agents, destabilizes one of the non-conducting states pro-moted by high levels of agonist occupancy and induces a novel conducting state that is long-lived and associated with protracted bursts of openings (10) . Data suggest that the binding site for such PAMs is within the transmembrane domains of the receptor (11, 12) .
As noted above, PAMs like PNU-120596 work synergistically with ligands at the orthosteric agonist-binding site. A new class of ␣7 receptor activators has also recently been discovered, which, in addition to being able to potentiate orthosteric activation, can directly activate the receptor's ion channel through an allosteric mechanism. The prototypical compound with such ago-PAM activity is GAT107, the active isomer of 4BP-TQS (13, 14) , which is an analog of the PAM TQS. The PAM activity of TQS, as well as the direct allosteric activation (DAA) produced by GAT107, appears to rely on binding to the same transmembrane site as other PAMs of the PNU-120596 type. However, several lines of evidence suggest that the DAA produced by GAT107 also relies on the binding of the drug to a separate site in addition to the transmembrane PAM site ( Fig.  1A , note that this figure is based on a previous model (13) but locates the DAA site in a position supported by our current data as discussed below). In this study we provide several additional lines of evidence supporting the hypothesis that DAA relies on the binding of GAT107 and active analogs to a unique site. A structural model suggests that this site is in the extracellular domain of the receptor extending into the vestibule of the ion channel. The properties of site-directed mutants support this model.
Materials and Methods
Commercial Reagents-Acetylcholine chloride (ACh), atropine, and other chemicals were purchased from Sigma. The methanethiosulfonate compounds 2-(aminocarbonyl)ethyl methanethiosulfonate, 2-(quinuclidinium)ethyl methanethiosulfonate (MTSEA), and carboxymethyl methanethiosulfonate were purchased from Toronto Research Chemicals Inc. (North York, Ontario, Canada). Fresh ACh stock solutions were made in Ringer's solution each day of experimentation. Stock solutions of the test drugs were made in Ringer's solution and kept at 4°C and used within 2 days. Working solutions were prepared freshly at the desired concentration from the stored stock.
Compound Synthesis-The allosteric antagonists were synthesized using a three-component Povarov reaction by reacting the corresponding aldehyde, aniline, cyclopentadiene in acetonitrile in the presence of the catalyst indium chloride (15, 16) . The substituted anilines and aldehydes were purchased commercially. The synthesis of 4-(2,3,5,6-tetramethylphenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide (2,3,5,6MP-TQS) and 4-mesityl-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide (2,4,6MP-TQS) has been previously reported (17) , and their characterization has been confirmed, although we did see a slight improvement in the yield of 2,4,6MP-TQS with the in-house developed microwave-assisted synthesis procedure (15) . All compounds have chemical purity of Ն98% as measured by HPLC.
4-(5-Bromothiophen-2-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide (GAT154)-In a microwave vial, cyclopentadiene (3 eq) was added to a suspension of 5-bromothiophene-2-carboxaldehyde (1 eq), 4-aminosulfonamide (1 eq), and indium chloride (0.2 eq) in acetonitrile. The reaction vial was placed in a microwave synthesizer and irradiated to 100°C for 15 min. The contents were added to aqueous (0.1 M) Na 2 CO 3 solution (20 ml) and extracted with chloroform (3ϫ at 30 ml). The combined organic layer was washed with water (20 ml) and brine (30 ml), dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified using flash chromatography with (EtOAc/hexanes ϭ 40:60) or recrystallization using dichloromethane or acetone and hexanes (20:80). The reaction crude contained a mixture of diastereomers with Ͻ10% minor diastereomer. GAT154 was isolated as a pure cis diastereomer. 1 4-Phenyl-N-propyl-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide (GAT1324)-The title compound was synthesized according to the procedure used for GAT154 using cyclopentadiene (3 eq), benzaldehyde (1 eq), 4-amino-N-propylbenzenesulfonamide (1 eq), and indium chloride (0.2 eq). The reaction crude contained a mixture of diastereomers with Ͻ5% minor diastereomer. GAT1324 was isolated as a pure cis diastereomer in 60% yield. 1 4-(4-Bromophenyl)-N-propyl-3a,4,5,9b-tetrahydro-3Hcyclopenta[c]quinoline-8-sulfonamide (GAT1319)-The title compound was synthesized according to the procedure used for GAT154 using cyclopentadiene (3 eq), 4-bromobenzalde-hyde (1 eq), 4-aminosulfonamide (1 eq), and indium chloride (0.2 eq). The reaction crude contained a mixture of diastereomers with Ͻ5% minor diastereomer. GAT1319 was isolated as a pure cis diastereomer. 1 
The title compound was synthesized according to the procedure used for GAT154 using cyclopentadiene (3 eq), 4-(3-bromopropyl)benzaldehyde (1 eq), 4-aminobenzenesulfonamide (1 eq), and indium chloride (0.2 eq) The reaction crude contained a mixture of diastereomers with Ͻ5% minor diastereomer. GAT193 was isolated as a pure cis diastereomer. 1 Molecular Modeling-A homology model for the ␣7 nAChR was constructed using the humanized AChBP structure Protein Data Bank code 3SQ9 (18) as the starting structure. The initial monomeric model was created using SwissModel (19) . The resulting structure was assembled into a pentamer using the matchmaker routine within Chimera (20) . The structure was then relaxed by minimization with Amber 14 in a truncated octahedron of TIP3P water using the default PME method with a 10 Å cutoff. This preminimization utilized 5000 cycles of steepest decent followed by another 5000 cycles of conjugate gradient minimization. Each subunit then had ACh docked in and was reminimized as above but with the ACh molecules held fixed. This was repeated with the protein fixed and ACh, TIP3P water, and sodium counterions left unrestrained. Finally, the entire system was minimized with no restraints for 25,000 cycles of steepest decent followed by conjugate gradient minimization. The resulting structure was then subjected to a short 40-ps MD simulation for equilibration to 300 K at constant volume with weak restraint on the protein and then a 200-ps simulation at constant pressure until the density equilibrated to 1.03 g/ml. A subsequent 50-ns run at constant energy (NVE) was performed, over which time the system remained stable. A frame from this trajectory at 18.8 ns was minimized as above, and the bound ACh was extracted from the structure for docking using Glide (Schrodinger, Portland, OR) for docking at standard precision. Grids were calculated for a dimeric subunit, and during docking, ligand flexibility was allowed. Different poses were compared using the Glide Emodel score, which is more appropriate for ranking conformers than the Glide score. Molecular overlays for were prepared with the MatchMaker function within Chimera (20) in which the AChBP structure 2BYR (21) with bound methyllycaconitine (MLA) was superimposed on the ␣7 homology model to represent the approximate position of where MLA would bind in the ␣7 receptor.
Heterologous Expression of nAChRs in Xenopus laevis Oocytes-The human ␣7 nAChR clone was obtained from Dr. J. Lindstrom (University of Pennsylvania, Philadelphia, PA). The human resistance-to-cholinesterase 3 (RIC-3) clone, obtained from Dr. M. Treinin (Hebrew University, Jerusalem, Israel), was co-injected with ␣7 to improve the level and speed of ␣7 receptor expression without affecting the pharmacological properties of the receptors (22) . Subsequent to linearization and purification of the plasmid cDNAs, cRNAs were prepared using the mMessage mMachine in vitro RNA transfection kit (Ambion, Austin, TX). Mutants were made as described previously (23) . The cysteine mutants described (W149C, Y93C, and D101C) were made in a C116S pseudo wild-type Cys-null background to prevent the possible formation of spurious disulfides.
Oocytes were surgically removed from mature X. laevis frogs (Nasco, Ft. Atkinson, WI) and injected with appropriate nAChR subunit cRNAs as described previously (24) . Frogs were maintained in the Animal Care Service facility of the University of Florida, and all procedures were approved by the University of Florida Institutional Animal Care and Use Committee. In brief, the frog was first anesthetized for 15-20 min in 1.5 liter of frog tank water containing 1 g of 3-aminobenzoate methanesulfonate buffered with sodium bicarbonate. The harvested oocytes were treated with 1.25 mg/ml collagenase (Worthington) for 2 h at room temperature in calcium-free Barth's solution (88 mM NaCl, 1 mM KCl, 2.38 mM NaHCO 3 , 0.82 mM MgSO 4 , 15 mM HEPES, and 12 mg/liter tetracycline, pH 7.6) to remove the follicular layer. Stage V oocytes were subsequently isolated and injected with 50 nl of 5-20 ng of nAChR subunit cRNA. Recordings were carried out 1-7 days after injection.
Two-electrode Voltage Clamp Electrophysiology-Experiments were conducted using OpusXpress 6000A (Molecular Devices, Union City, CA) (24) . Both the voltage and current electrodes were filled with 3 M KCl. Oocytes were voltageclamped at Ϫ60 mV. The oocytes were bath-perfused with Ringer's solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl 2 , 10 mM HEPES, and 1 M atropine, pH 7.2) at 2 ml/min. To evaluate the effects of experimental compounds compared with AChevoked responses of various nAChR subtypes expressed in oocytes, control responses were defined as the average of two initial applications of ACh made before test applications. The solutions were applied from a 96-well plate via disposable tips, and the test compounds were applied alone, co-applied with ACh, or co-applied with GAT107. Unless otherwise indicated, drug applications were 12 s in duration followed by a 181-s washout period. A typical recording for each oocyte constituted two initial control applications of ACh, one or more experimental compound applications, and then a follow-up control application of ACh to determine primed potentiation of the ACh-evoked responses. The control ACh concentration was 60 M for wild-type ␣7 unless otherwise indicated. The responses were calculated as both peak current amplitudes and net charge, as described previously (25) . The average responses of the two initial ACh controls (60 M unless otherwise indicated) from each cell were used for normalization. Statistical analyses were conducted based on unpaired t test comparisons of the normalized net-charge responses of groups of replicate oocytes.
Data were collected at 50 Hz, filtered at 20 Hz, and analyzed by Clampfit 9.2 or 10.0 (Molecular Devices) and Excel (Microsoft, Redmond, WA). Data were expressed as means Ϯ S.E. from at least four oocytes for each experiment and plotted by KaleidaGraph 3.0.2 (Abe Beck Software, Reading, PA). Type II PAMs produce extremely large increases (Ͼ100,000-fold) in the single-channel currents of a small fraction of the receptors (Յ1%), so they are intrinsically variable in amplitude and duration (10), making it difficult to identify truly "representative" responses. Therefore, we displayed multicell averages for comparisons of these complex responses. The averages of normalized data were calculated using an Excel (Microsoft) template for each of the 10,500 points in each of the 210-s traces (acquired at 50 Hz). Following subtraction of the basal holding current, data from each cell, including the ACh controls, were normalized by dividing each point by the peak of the ACh control from the same cell. The normalized data were then averaged, and standard errors of the mean (S.E.) for the multicell averages were calculated on a point-by-point basis. The dark lines in the figures represent the average normalized currents, and the shaded areas the range of the S.E. Scale bars in the figures of averaged traces reflect the scaling factor relative to the average peak current amplitude of the ACh controls (con.) used for the normalization procedures. Also provided are those values converted to current amplitudes, based on the scaling factors and average ACh controls.
Cell-attached Patch Clamp Electrophysiology-Cell-attached records were obtained from A7R3HC10 cells and HEK293 cells stably expressing human ␣7 and human RIC-3, as described previously (8) . Cells were cultured in Dulbecco's modification of Eagle's medium (with 4.5 g/liter glucose, L-glutamine, and sodium pyruvate; Mediatech) supplemented with 10% heat-inactivated fetal bovine serum, 0.45 mg/ml geneticin-selective antibiotic (G418 sulfate; Gibco), and 0.015 mg/ml hygromycin B (Invitrogen), at 37°C with 5% CO 2 . During passaging, cells were dissociated with 1 mM EDTA in calcium-and magnesiumfree Hanks' balanced saline solution (Gibco) to avoid damaging the ␣7 nAChRs expressed on the cell surface.
Prior to recording, A7R3HC10 cells were plated onto 12-mm glass coverslips (Thermo Fisher Scientific) that had been previously coated with 0.1 mg/ml poly-D-lysine (Sigma) at 37°C for ϳ5 min. Patch pipettes were created from borosilicate glass (outer diameter 1.5 mm, inner diameter 0.86 mm; Sutter Instruments), pulled using a Flaming/Brown micropipette puller (Model P-97; Sutter Instruments), fire-polished to 4 -7 megohms, filled with solution, and briefly dipped in Sigmacote (Sigma) just before recording. Cells in the recording chamber were bathed in an external solution containing (in mM) 165 NaCl, 5 KCl, 2 CaCl 2 , 10 glucose, 5 HEPES, and 0.001 atropine, and pH-adjusted to ϳ7.3 using NaOH. Pipettes contained GAT107 dissolved in external solution.
Recordings were performed at room temperature, using a Multiclamp 700B amplifier and digitized with a Digidata 1440A and Clampex 10.2 software (Molecular Devices). Data were low-pass filtered to 10 kHz using the amplifier Bessel filter and sampled at 100 kHz.
Results
As described previously (13) , the ago-PAM GAT107 has three forms of activity illustrated in Fig. 1 , B and C. When applied alone, it evokes large currents associated with DAA. Although these responses decay more slowly than ACh-evoked responses, they persist only as long as the drug is free in solution, suggesting that the DAA site is solvent-accessible and that this activity is in part diffusion-limited (26) . The second form of activity is a long lasting "primed" positive allosteric modulation (primed potentiation), which is apparent when ACh (or other orthosteric agonist) is applied alone following an application of GAT107 ( Fig. 1B ; see Fig. 1D for the original data from single cells). This substantial enhancement of ACh-evoked responses is relatively stable, such that it will persist for multiple sequential agonist applications with relatively little rundown (13) . Presumably, this long-lasting effect is a function of a slow off-rate for the bound PAM. The third type of activity, direct potentiation, and the largest enhancement of ACh-evoked responses is produced when GAT107 and ACh are co-applied ( Fig. 1C ). However, this form of activation appears to shift the conformational equilibrium of the receptors toward PAM-insensitive desensitized (D i ) states (10) so that even primed potentiation of subsequent ACh responses is minimal (13) .
Hypothetical energy landscapes for the various conditions of ligand binding to ␣7 have previously been described (13) . The binding of orthosteric agonists alone promote only rare and brief openings, although orthosteric agonists with the PAMs also bound produce occasional protracted bursts of openings occurring from a PAM-sensitive desensitized state (D s ) (10). Shown in Fig. 1E is a single-channel recording of ␣7 receptor currents in the presence of 10 M GAT107. Bursting activity was observed that was similar to that reported for ACh and PNU-120596 (10) .
Several lines of evidence support the hypothesis that the three forms of GAT107 activity illustrated in Fig. 1, B and C, arise from its effects at two distinct binding sites as follows: a specific site for direct allosteric activation and a PAM site that is shared by other PAMs, which do not produce DAA (11) . As noted above, one line of evidence is the difference in the kinetics of the DAA and the potentiating effects of GAT107. We have also previously reported that DAA is sensitive to MLA, a selective competitive antagonist of ␣7 nAChR, whereas primed potentiation is not (13) . The hypothesis that the PAM site for GAT107 is related to that for other efficacious PAMs, such as PNU-120596, is supported by the observation that transmembrane domain mutant M254L that reduces PNU-120596 effects (11) also reduces the PAM activity of 4BP-TQS, the racemic form of GAT107 (14) . We hypothesize that although GAT107 has activity at two separate sites, to detect the activity at the DAA site, GAT107 must also work at the PAM site or the PAM site needs to be occupied by another PAM, as described next.
Low concentrations of GAT107 produce relatively little DAA. To test the hypothesis that DAA is coupled to, and dependent on, concomitant PAM activity, we pre-applied the PAM, PNU-120596, prior to applying 3 M GAT107 (Fig. 2 , A-C). As shown in Fig. 2D , pre-applications of 10 or 30 M PNU-120596 significantly (p Ͻ 0.001) increased DAA by GAT107 with no effect on the primed potentiation of subsequent ACh-evoked responses.
Several lines of evidence also support the hypothesis that the DAA site is distinct from the orthosteric agonist site (13, 14) . To further test this hypothesis, we utilized the "gatekeeper" cysteine mutant L119C (23). This mutation (made in the cysteinenull pseudo wild-type C116S) places a reactive cysteine in the complementary surface of the ACh-binding site where reaction with a suitable sulfhydryl reagent such as MTSEA can block ACh-evoked activation. As shown in Fig. 3 , although (13) has suggested that the activity of GAT107 arises from interactions at two separate sites on the receptor, a PAM site (P), common to other type II PAMs such as PNU-120596, and a unique site for direct allosteric activation (DAA) (D). Activity arising from these sites is further modulated by whether ACh or other agonists are bound to the orthosteric site (A). B, illustrated are three forms of GAT107 activity with proposed binding sites indicated above, observed with cells expressing human ␣7 and evaluated with two-electrode voltage clamp. Control applications of 100 M ACh were followed by the application of the ago-PAM GAT107 and then another application of 100 M ACh, with 3-min washes of Ringer's solution between applications. Inward currents activated during the application of 10 M GAT107 indicate DAA, hypothetically arising from GAT107 effects at both the D and the P sites. As shown, after GAT107 was washed from the bath, there was a persistent "primed potentiation" of a subsequent response to ACh applied alone. This activity is hypothetically due to ACh binding at the A site and residual activity of GAT107 at the P site. The traces shown are the average response (black line) Ϯ the S.E. (shaded band) calculated for each of the 10,500 points in the 210-s traces (acquired at 50 Hz). Prior to the averaging, the data from each cell were normalized by dividing the each value by the average peak amplitude of two prior ACh control responses from the same cell (the second ACh control response is shown in the figure). The scale bar indicates the normalized amplitude relative to the controls and in parentheses the conversion of this factor based on the averaged amplitude of the ACh controls. C, direct potentiation of 100 M ACh-evoked responses co-applied with 10 M GAT107. This form of activity is likely to be due to combined effects of binding at all three sites illustrated in the model. Average responses of five cells (Ϯ S.E. in shaded band) were normalized to their initial responses to ACh applied alone; the scale bar indicates 50 times the average peak current amplitude to ACh alone. D, original data for the five cells that were normalized and averaged for the traces shown in B. The control 100 M ACh-evoked responses are shown in the left panel at an amplified scale. All traces are 210 s long. E, binding of GAT107 to both the D site and the P site appears to produce bursts similar to those recorded in the presence of ACh and PNU-120596 (10). The example shown was obtained from a cell-attached patch clamp recording from a cell stably expressing ␣7 and RIC-3 (8) with 10 M GAT107 in the patch pipette. The period of frequent channel opening and closing shown was preceded and followed by several seconds without any channel activity, consistent with the burst arising from a single channel. The burst shown was 1.3 s in duration and contained 39 openings with average duration of 33 ms and average closed times between openings of 10 ms. An expansion of the single-channel currents from the middle of the burst are shown in the lower trace with the current levels associated with the closed (D s ) and open state (OЈ) indicated. MARCH 4, 2016 • VOLUME 291 • NUMBER 10
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MTSEA with wild type has no significant effects (despite the free cysteine at residue 116), reaction of MTSEA with C116S,L119C profoundly reduces primed potentiation that requires ACh binding (p Ͻ 0.00001) but has no effect on DAA by GAT107.
Selective Antagonists of DAA-Two compounds (2,3,5,6MP-TQS and 2,4,6MP-TQS, Fig. 4A ) have recently been reported that are structurally related to TQS, the PAM on which 4BP-TQS and GAT107 were based. These compounds lack PAM or allosteric agonist activity and were reported to selectively antagonize DAA by 4BP-TQS (17) . These allosteric antagonists, also referred to as "silent allosteric modulators" (17) , were reported to be ineffective at antagonizing PAM activity or activation by ACh. This suggests that they are suitable probes for the DAA site, although the structural basis for their antagonist activity is not entirely clear. They were designed as part of a series of compounds to test the significance of methyl group number and position on the TQS phenyl ring, but the methylation patterns had the effect of influencing the product stereochemistry during synthesis so that these compounds were obtained as trans diastereomers.
We have identified several new additional DAA antagonists based on the TQS scaffold (Fig. 4A ). These rely on modifications to the sulfonamide (R 1 ), with or without the bromo group (X ϭ H, Br). Two examples from this group are shown, GAT1319 and GAT1324. Like the methyl-TQS compounds, these antagonists inhibit DAA (Fig. 4B ) with no significant effects on either primed (Fig. 4B ) or direct potentiation (Fig.  4C ). The antagonism of DAA was concentration-dependent and reversible (Fig. 4D) . At concentrations less than 1 mM, these compounds had little or no effect on activation by 60 M ACh applied alone (Fig. 4E ). The results further underscore the idea that the DAA site is distinct from both the orthosteric agonist and PAM sites. 
GAT107 Brings Receptors Not Activatable by Orthosteric
Agonists to Life-Further evidence that DAA can be decoupled from orthosteric activation has come from the identification ␣7 mutants such as Y93C, which are insensitive to activation by ACh but are fully activatable by GAT107 (13); we refer to such mutants as non-orthosterically activatable receptors (NOARs). These mutant receptors are inactive to ACh or other orthosteric agonists but can be rendered active when stimulated with GAT107. Mutations of the tryptophan critical for orthosteric activation (27) (Trp-149 in the human sequence and Trp-148 in the rat sequence) also result in NOARs that are activatable by GAT107. This was previously reported for rat ␣7W148F (14), and similar effects are seen with human ␣7W149C and ␣7W149Y (␣7W149C data shown in Fig. 5A ). We have identified another family of NOARs associated with the modification of the C-loop vicinal cysteines (Cys-190 and Cys-191) (28) that are essential for orthosteric activation. ACh responses are profoundly disrupted if the disulfide bond between these residues is chemically reduced (29) or prevented by mutation of either one of the cysteine pairs. We determined that C190S, C190P, C191S, and C191P mutants were NOARs that were readily activated by GAT107 (data for C190S shown in Fig. 5A ). Although it could be argued that the NOAR mutations render the receptors better able to facilitate conversion of the PAM-site-bound receptor to a conductive state, the alternative and more tenable hypothesis is that the GAT107 activation of these NOARs is accomplished by binding to the same DAA site as in the wild-type ␣7. This hypothesis is supported by the observation that the GAT107 activation of the NOARs is sensitive to the same two classes of allosteric antagonists (Fig.  5B ) that are effective on wild-type ␣7 GAT107 responses. Moreover, whereas the NOARs are activated by GAT107, they are not activated by PNU-120596.
Probative Compounds for the DAA Site-We have identified several small differences in the structure of GAT107 analogs that profoundly alter the profile of the resulting compounds in such a way as to be potentially useful for characterization of the DAA site of the ␣7 nAChR. Two compound pairs of particular interest are shown in Fig. 6, A and B. In the upper panel of Fig.  6A are two compounds with a thiophene ring substituted for the phenyl of GAT107. The disposition of the bromine atom relative to the sulfur in the thiophene is not only critical for DAA but also regulates primed potentiating activity (Fig. 6A) . The efficacy for direct potentiation was also reduced for GAT155 compared with GAT154 ( Fig. 6C ). (17) and an alternative scaffold for a novel class of antagonists based on modification of the sulfonamide group (R 1 ) with two representative compounds of this class. GAT1319 differs from GAT107 only in the R 1 modification, whereas GAT1324 also has a modification at R 2 . B, averaged data showing the effects of 50 M 2,3,5,6MP-TQS or GAT1319 pre-applied for 60 s and then co-applied with 5 M GAT107 on the DAA by GAT107 without effects on subsequent primed potentiation. C, lack of effect of the allosteric antagonists on the directly potentiated responses to ACh co-applied with GAT107. D, concentration-dependent effects of GAT1324 co-application with 5 M GAT107 on the inhibition of DAA. Statistical significance of normalized net charge responses compared with untreated controls as indicated: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. E, average 60 M ACh control net charge responses measured when ACh was co-applied with either GAT1319 or GAT1324 (Ϯ S.E., n ϭ 8 for the GAT1324 data and n ϭ 7 for the GAT1319 results). Data are calculated relative to the average of two initial applications of 60 M ACh alone.
A couple of interesting effects were observed when the bromine was displaced from the phenyl group of GAT107 with one or three methylene spacers (Fig. 7B ). GAT904 is an effective allosteric activator and also acts as a direct potentiator (Fig. 6D) ; however, it was relatively ineffective at producing primed potentiation, either due to relatively reversi-ble PAM-site binding or due to preferential induction of PAM-insensitive desensitization (10) . The further distance between the bromine atom and phenyl ring in GAT193 is associated with the loss of activity as an allosteric agonist, but primed potentiation was observed and was larger than that seen with GAT904 ( Fig. 6B ). Shown are examples of representative mutations at these sites that destroy orthosteric activation by ACh but leave the receptors competent for DAA by GAT107. Lacking internal ACh controls, the averaged responses shown are directly scaled in A. Typical non-potentiated ACh controls of wild-type type ␣7 range from 100 nA to 2-3 A, depending on interval after injection (average Ϸ440 nA 2-4 days post-injection). Note that GAT107 produced negligible primed potentiation of subsequent ACh responses. B, DAA of ACh-insensitive mutants is sensitive to the selective antagonists shown in Fig. 4 . Statistical significance on normalized net charge responses compared with untreated controls as indicated: **, p Ͻ 0.01; ***, p Ͻ 0.001. MARCH 4, 2016 • VOLUME 291 • NUMBER 10
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The properties of GAT904 were further probed with an additional protocol (Fig. 7 ). An extended application of 10 M was made (30 min in a static bath) to saturate the putative PAMbinding site. This was followed by three applications of ACh. During the 30-min application, the response to GAT904 decayed to a very low level of steady-state activation. Subsequently there was only a single period of large primed potenti-ation of ACh following the GAT904 exposure, and the other two ACh responses were not significantly different from the original control. These data suggest that the PAM activity of GAT904, unlike that of GAT107, is readily reversible.
Molecular Modeling of GAT107/␣7 Binding Interactions-Docking of GAT107 and related compounds to the extracellular domain of the receptor allowed us to identify two putative FIGURE 6 . Molecular switches in the structure of GAT107 analogs. A, differences in the disposition of the bromo group profoundly affect the activity profiles of GAT154, a very active ago-PAM, compared with GAT155, a relatively weak PAM with no activity as an allosteric agonist. B, bromo-alkyl probes control DAA. Whereas GAT904 has strong DAA and weak primed potentiation, GAT193 has little if any DAA but retains primed potentiation. The data shown in both panels are averaged raw data (Ϯ S.E.) normalized to each cell's respective ACh controls, as described (see under "Materials and Methods"). C, efficacy for direct potentiation of 60 M ACh-evoked responses by GAT155 or GAT154. The net charge responses (Ϯ S.E., n ϭ 5) relative to the average of two initial applications of 60 M ACh alone. Point-wise comparison at the various concentrations indicated greater potentiation by GAT154 than by GAT155 (**, p Ͻ 0.01; ***, p Ͻ 0.001). D, GAT904 acts as a direct potentiator of ACh-evoked currents. Shown is the average (ϮS.E.) responses of six oocytes expressing human ␣7 to the co-application of 100 M GAT904 and 60 M ACh. Peak currents were ϳ170-fold higher than those of the ACh controls.
binding sites for DAA activity (Fig. 8A) . One is in a shallow groove that partially overlaps the C-loop, and the other is in a deep pocket in the vestibule of the receptor. The best pose in the vestibule site was ϳ4.7 kcal/mol lower in energy (Emodel score) than the best pose in the alternative binding site. We favored the vestibule binding site for further analysis based on the following considerations. First, GAT compounds are uncharged and relatively nonpolar, whereas the orthosteric binding site is specialized for the binding of cationic species. Second, NOARs reveal that a non-functional orthosteric binding site (under the C-loop) is still able to respond to GAT107 with DAA activity, arguing that it is binding elsewhere. Third, the allosteric antagonist compounds discussed above inhibit DAA but do not interfere with ACh binding, again pointing to a site other than the orthosteric site. Finally, we note that Spurny et al. (30) identified a vestibular binding pocket analogous to the one we describe here in their studies of the humanized acetylcholinebinding protein, which is homologous to the ␣7 extracellular domain. Taken together, these results prompt us to consider the vestibular binding site in more detail.
The putative vestibular binding pocket (Fig. 8B) is accessible from the vestibule of the extracellular domain, with its mouth at the interface of two subunits, and the bulk of the pocket extending into the interior of a receptor subunit in a region found within the ␤-sandwich. The key amino acids presenting side chains in this hydrophobic pocket are Leu-56, Met-58, Lys-87, Ile-90, Leu-92, Phe-100, Ala-102, Tyr-118, and Pro-120. Although this pocket is largely non-polar, its mouth is quite polar (Fig. 8C) , with Tyr-95 and Thr-103 having close proximity to the charged residues Arg-99 and Asp-101. Interestingly, the positions of Arg-99 and Asp-101 are such that in adjacent subunits Arg-99 of one subunit is potentially able to interact with Asp-101 of the next subunit (Fig. 8B) . The deep nonpolar pocket is large enough to easily accommodate a bound GAT107 molecule (Fig. 8D) , with the non-polar bromophenyl group buried in its core, and the sulfonamide residue proximate to the Arg-99/Asp-101 residues. It is noteworthy that in addition to GAT107, we find GAT154, -155, and -904 all have a preference for binding into the vestibular pocket in a mode similar to that of GAT107. The exception to this is GAT193, which features a bromopropyl group instead of the bromo group found on the phenyl ring of GAT107. The best poses for GAT193 placed it at about a 90°angle to GAT107's binding mode and did not insert into the vestibule binding pocket (Fig. 8E) . The Glide Escore for binding GAT193 was ϳ25 kcal/mol higher in energy than for binding GAT107, suggesting that it is weakly bound in this mode. In some of our docking poses we identified a "flipped" pose for the GAT compounds, with the polar sulfonamide buried in the hydrophobic core and the bromophenyl group placed in the water-exposed mouth of the vestibule. We consider this type of pose less likely, given the mismatch in polarity and generally worse Glide Escores for the flipped arrangement, although FIGURE 7 . Transient priming of ACh evoked responses by an extended application of GAT904. After obtaining control ACh responses (the second of the two controls is shown), 10 M GAT904 was added to the bath and allowed to incubate without washout for 30 min. As shown, the direct activation produced by GAT904 was transient even in the continued presence of the drug. The GAT904 was washed out for 3 min, and 60 M ACh was applied at 4-min intervals. There was substantial priming of the first ACh application and much less of subsequent ACh applications.
they were typically within a few kilocalories/mol. Rather than attempt to divine meaningful differences from docking scores that are within a few kilocalories/mol of each other, ongoing work will continue to probe for the binding mode and provide verification for the docking models via mutagenesis. One observation we have made from examination of this model is that the bound GAT107 may communicate with the amino acid residues that constitute the Ϫ-strand of the orthosteric agonistbinding site (Fig. 8F) . Also, the proposed interactions of the sulfonamide with the Arg-99/Asp-101 side chains appear to be a potential way to modulate communication from one subunit to another. We thus sought to obtain experimental support for the idea that interactions of the sulfonamide group with the Arg-99/Asp-101 grouping are important for function of GAT107 and that mutation of Asp-101 could negatively impact ago-PAM function.
Asp-101 as a Regulator of ␣7 Activation-Mutation of Asp-101 to alanine reduced the potency of both ACh (Fig. 9A) for orthosteric activation and GAT107 for DAA ( Fig. 9B) . However, as shown in Fig. 9 , C and D, although there was negligible DAA of ␣7D101A by 10 M GAT107 compared with that produced by 100 M, the potentiating activity, both primed and direct, was equivalent at the two GAT107 concentrations when the ACh concentrations were adjusted to compensate for the increase in EC 50 value (100 M ACh for wild-type and 1 mM ACh for D101A).
Covalent Modification of a Residue at Position 101-We tested whether covalent modification of a cysteine in position Asp-101 by reactive sulfhydryl reagents would be detectable as a change in the activity profile of GAT107. Three different reagents were used, MTSEA (positively charged) and compounds 2-(aminocarbonyl)ethyl methanethiosulfonate (uncharged) and carboxymethyl methanethiosulfonate (negatively charged). Only MTSEA produced a significant reduction in the DAA (p Ͻ 0.001 determined by paired t tests between GAT response prior to and following MTSEA treatment; Fig. 10, A and B) . There were no significant effects on the primed potentiated ACh responses by any of the reagents (based on unpaired t-tests of ACh responses normalized to the initial GAT107 responses from the same cells). To test whether the partial reduction of the GAT107 responses by MTSEA treatment represented an incomplete reaction with the sulfhydryl reagent, the experiment was repeated with the MTSEA increased from 2 to 10 mM. Essentially the same results were obtained (Fig. 10C ).
Discussion
The ␣7 nAChR has become an extremely interesting and actively pursued drug target (31) . This process began with the identification of the subtype-selective partial agonist GTS-21 (32) followed by a wide variety of other structurally diverse orthosteric agonists (5) . Interestingly, although GTS-21 has relatively low ion channel efficacy (33, 34) , it is still being actively investigated for its activity in models of cognitive dysfunction (35) (36) (37) and, more recently, inflammatory diseases (38 -43) . Of course, even a partial agonist with low channel activation efficacy may still be quite effective at inducing structural changes associated with the desensitized conformations of the receptor (44) , and this has led to the hypothesis that ␣7 function, especially in non-neuronal cells incapable of ion-channel signaling, may be due to the ability of orthosteric ligands to induce global changes in receptor structure that can be transmitted to the receptor's protein interactome (45, 46) and accomplish metabotropic type signaling (47) (48) (49) . The potential importance for signaling through non-conducting states is also sup-ported by the identification of silent agonists (50) such as NS6740 (51, 52) , which has been shown to be a very effective analgesic in several models of inflammatory or neuropathic pain (53) , although its primary effect on channel activity is desensitization.
A major breakthrough in the development of ␣7-directed pharmacotherapies was the discovery of the subtype-selective PAMs such as PNU-120596 (9, 54) , which seem to work upon a form of desensitization that is unique to ␣7 and connect the desensitized state to a novel conducting state with protracted bursts of channel openings (10) . Although PNU-120596 in combination with an orthosteric agonist can sporadically induce an extremely large increase in the opening of single channels, it also has the effect of stabilizing alternative desensitized non-conducting conformations and has similar efficacy as the desensitizing agent NS6740 in the same pain models (55) (56) (57) . The discovery of the ago-PAM 4BP-TQS (14) and the characterization of its active isomer GAT107 (13) has now brought us to a further threshold for advancing ␣7 drug development.
The localization of the binding site for orthosteric agonists at the extracellular interface between subunits was first predicted by site-directed mutagenesis experiments (58) and later confirmed with crystal structures of the invertebrate AChBP (59, 60) . Models based on these structures were further refined through the development of an ␣7/AChBP chimera (18) .
The binding sites for PAMs of other Cys-loop receptors, such as GABA A and heteromeric nAChR, have been found at subunit interfaces homologous to, but distinct from, the orthosteric ligand-binding sites (54) . These sites are not present in homomeric ␣7 nAChR, because the potential for an orthosteric binding site is present at every subunit interface (6) . Studies of ␣7 and related chimeras have instead indicated that the binding sites for efficacious PAMs like PNU-120596 are most likely located within the hydrophobic transmembrane domains (11, 12) . The PAM activity associated with 4BP-TQS and GAT107 is hypothesized to arise from binding to a site related to that of PNU-120596, due to effects of mutations in the region (14) . We have shown however that the DAA of GAT107 can be separated from its PAM activity, and most appear to arise from binding to a novel solvent-accessible site, probably in the extracellular domain.
Case for a Two-site Binding Model for Ago-PAMs-The observation that certain members of the TQS family of compounds as exemplified by GAT107 are ago-PAMs with multiple modes of activity toward the ␣7 nAChR raises two intriguing questions we seek to answer. First, we would like to identify the molecular features in these compounds that confer the unique ability to directly activate ␣7, unlike traditional type II PAMs, which require an orthosteric agonist to exert their effect. Second, we would like to identify the site for DAA and define structural features of the receptor that are uniquely associated with the DAA activity. This is critical to distinguish ago-PAMs from PAMs within the TQS family and will permit the development of ago-PAMs as therapeutic agents. Earlier reports of the DAA by 4BP-TQS and related compounds considered that allosteric agonism and PAM activity arose at the same transmembrane site (14, 61) . We believe that the available data support the hypothesis that requires a secondary alternative binding site to produce DAA activity. One of the key observations of Millar and co-workers (14) was that mutation M253L in the transmembrane region that abolish PAM activity also abolished DAA activity (referred to as "agonist activation" in that work). This result was taken as evidence that the transmembrane region was the binding site for DAA activity, but an equally valid interpretation of this result is that DAA activity at the alternative binding site requires concomitant binding of the PAM site. So, if binding to the PAM site is precluded (e.g. via mutation in the transmembrane binding region), no DAA activity will be observed. . DAA, primed potentiation, and direct potentiation of wild-type ␣7 and the D101A mutant. A, potency for ACh activation of ␣7D101A reduced, as shown by the net-charge concentration-response curves, which indicate an EC 50 of Ϸ1 mM ACh for the mutant compared with 30 M ACh for the wild type (25) . Hence, for this mutant, 1 mM ACh was used as a control for normalization. Each point is the average response of n ϭ 7 for wild-type and n ϭ 4 for D101A (Ϯ S.E.), normalized to the ACh maximum. B, reduced potency and efficacy of the D101A mutant compared with wild-type ␣7 for DAA by GAT107. Shown are the normalized net-charge values for n ϭ 7 for wild-type and n ϭ 6 for D101A (Ϯ S.E.) for each condition. C, PAM activity of GAT107 is relatively unaffected by the D101A mutation compared with DAA by 10 M GAT107 (***, p Ͻ 0.001). D, efficacy of GAT107 for DAA of ␣7D101A is increased at higher concentrations whereasthe potentiating activity remains comparable with the lower concentration shown in C.
Separation of DAA from PAM Activity-Previously, we have reported a number of observations that indicate there is an alternative binding site for allosteric activation of GAT107 that is not in the membrane (13) . One key point noted was rapid washout kinetics associated with DAA but not PAM activity. The rapid washout kinetic data for DAA activity (but not potentiation activity) supports the two-site binding model in the following way. If binding for DAA activity were in the same site as for PAM activity, washout of the compound would necessarily involve loss of both DAA and the primed potentiation activity, which was not observed in our experiments. Indeed, with the two-site model, the data accounting for washout of bound ligand from the DAA site without any loss of potentiation activities as long as the PAM site remained bound. We are unable to propose a reasonable model for the behavior of ago-PAMs that features a single binding site in the transmembrane region. Additional support for a two-site model follows from the application of allosteric antagonists (Fig. 4 ) that differ from GAT107 in the substitution of the phenyl ring. The tetra-and trimethyl TQS compounds shown in Fig. 4 are incompetent as PAMs, lacking in the ability to perform primed or direct potentiation, but inhibit DAA (17) . Similarly, the new N-propyl sulfonamides GAT1319 and GAT1324 are not able to produce direct potentiation but are effective antagonists of DAA. Either 2,3,5,6MP-TQS or GAT1319 were able to suppress DAA by GAT107 without effect on primed potentiation. These same compounds did not antagonize the directly potentiated responses to ACh when co-applied with GAT107. This pattern of behavior is inconsistent with a single binding site model in the transmembrane region but does agree with a two-site model. Note that in these FIGURE 10. ␣7D101C mutant is an atypical NOAR. A, D101C mutation produces a loss of orthosteric ACh responses that is reversible with primed potentiation by GAT107. In this regard D101C is unlike other NOAR. Mutants such as those illustrated in Fig. 5 , which are unresponsive to ACh but activatable by GAT107, typically retain that ACh insensitivity even under the influence of a PAM (note the lack of primed potentiation in Fig. 5A) . B, sulfhydryl modification of ␣7D101C by MTSEA selectively affects DAA by GAT107 without affecting primed potentiation. Cells (n ϭ 7) were first stimulated with 30 M GAT107 and then incubated for 5 min in control (Ringer) or 2 mM of one of the sulfhydryl reagents shown. The net-charge responses to subsequent applications of 30 M GAT107 or 1 mM ACh were normalized relative to the initial responses to 30 M GAT107 prior to the sulfhydryl treatment. C, partial blockade of D101C responses to GAT107 with 5-min applications of either 2 or 10 mM MTSEA. Responses are the net charge values following the MTSEA treatments relative to pre-application responses (n ϭ 8 Ϯ S.E.). two series, the modifications that result in converting a TQS family member to an allosteric antagonist occur at either end of the TQS framework (and include a ring stereochemistry change). These observations suggest that binding at the DAA site is tolerant of either cis or trans geometry between the cyclopentenyl ring fusion and the aromatic substituent of the tetrahydroquinoline ring. We have found that mono-alkyl substitution of the sulfonamide can abolish all three modes of ago-PAM behavior but may still retain the ability to bind competitively at the DAA site. Docking of GAT1324 shows that it was readily accommodated in the vestibule binding pocket, with the best vestibule pose placing the N-propyl sulfonamide in the proximity of Arg-99 and Asp-101, with the alkyl portion of the Arg-99 side chain, although this remains speculative at this time. By virtue of its activity, it is apparent from the data that the N-alkyl substituent has not impeded the ability to bind at the DAA site. The results imply that a free amino group at the sulfonamide is required for DAA, and perhaps the alkyl substitution interferes with the conformational itinerary that is part of the DAA process.
DAA-binding Site for Ago-PAMs Is Distinct from the Orthosteric Agonist-binding Site-The L119C mutation and its subsequent labeling with thiol reagents (Fig. 3 ) severely impacted this site's ability to bind ACh, but it did not impact DAA by GAT107. To further characterize the DAA site, we utilized known and new TQS compounds with antagonist activity for DAA, in conjunction with mutations made in the orthosteric binding site. GAT1319 and GAT1324 have also been useful for analysis of the NOAR data shown in Fig. 5 . These ␣7 mutants are effectively dead to activation by ACh in the orthosteric site, and they can be directly activated by GAT107, and GAT1319 or GAT1324 still serve as antagonists of DAA as they do for the wild-type receptor, providing still further support for the idea that the DAA site is distinct from the orthosteric site.
We suggest that the DAA site may be capable of communication with the orthosteric agonist-binding site. MLA, a competitive antagonist at the orthosteric site, was observed to also interfere with GAT107 DAA, which is intriguing. Inspection of the AChBP crystal structures in MLA-bound form (Protein Data Bank code 2BYR) (21) reveals that Tyr-55 and Gln-57 (Trp-55 and Gln-57 in ␣7) make intimate contact with the bound MLA. Furthermore, these same residues sit on a ␤-strand that lines the vestibular pocket that we identified as a putative binding site for the DAA mode of GAT107 (Fig. 8F ). We hypothesize that the binding of MLA in the orthosteric site may be negatively coupled with binding of GAT107 in the vestibule pocket via interactions through the ␤-strand on which Trp-55 and Gln-57 reside. Although beyond the scope of this study, it would also be of interest to bind GAT107 to the humanized AChBP for structural studies to investigate this hypothesis. Trp-55 and perhaps Gln-57 appear to be important for mediating communication between orthosteric and DAAbinding sites. Specifically, mutations of Trp-55 decouple activity of compounds at the transmembrane PAM site, including TQS and PNU-120596, from the strict requirement of co-activation at the orthosteric site or, for GAT107, from activity at the DAA site (13) . Although direct activation of the wild-type receptor by GAT107 was sensitive to MLA, activation of W55F by GAT107 was insensitive to MLA.
Homology models of the ␣7 receptor and docking techniques have been invaluable for inquiry into binding interactions and the mechanism of the receptor (62, 63) . In this study, we built a homology model to investigate the putative vestibule binding pocket that may mediate DAA. Although point-to-point correlations with this model and docked ligands are relatively course-grained in the information we can obtain, a few observations bear mention. The internal surface of this pocket is relatively non-polar, with few charged residues as exemplified in Fig. 8, C and D, which color code the molecular surface on the basis of charge. Our preferred docked pose for GAT107 places the relatively non-polar TQS ring system and phenyl substituent deeply into this pocket. Furthermore, the polar sulfonamide appears to be well poised to interact with the Arg-99/Asp-101 salt bridge, which effectively delineates the opening to the DAA pocket as a polar region. The loss of potency for GAT107 with D101A supports the idea that loss of the Asp-101 carboxylate may have removed a hydrogen bond between it and the sulfonamide amino group. We observed that the D101C mutation was rendered less active upon treatment with MTSEA, possibly because the replacement of the Asp-101 residues with the positively charged amino group conferred from MTSEA would have introduced additional positive charge density in the region of Arg-99 with unfavorable structural consequences, or it might have been less effective in binding and recognizing the sulfonamide group due to removal of a putative hydrogen bond acceptor. Work is in progress to identify additional mutations that are suitable for probing the binding interactions at the mouth of this pocket.
Substituent Effects Control the Mode of Activity-As discussed previously by Gill-Thind et al. (17) , it is possible to tune TQS compounds for activity. In this work, we show profound contrasts in DAA activity by virtue of the location of a critical bromine atom with respect to the aromatic ring. The data from Fig. 6 in which the phenyl ring of GAT107 has been replaced with a bromothiophene (top) or the 4-bromophenyl replaced with 4-bromomethylphenyl or 4-(3-(bromopropyl))-phenyl yielded some important insight into the requirements for both DAA, as well as the potentiating functions of these molecules. Furthermore, the data from experiments presented in Fig. 6 provide a clear demonstration of how molecules in this class may be tuned for a desired activity with ␣7. The results for the bromothiophene compounds GAT154 and GAT155 demonstrate that the placement of the bromine atom is absolutely critical for DAA and PAM activity. GAT154 is capable of both DAA and primed potentiation, whereas GAT155 produces no direct activation and is less effective as a PAM (Fig. 6A ). This suggests an important point-to-point interaction with the bromo group that may minimally mediate potentiation in the PAM site, and it is absolutely required for DAA. Unfortunately, although both compounds can be docked into the vestibular binding pocket, the poses obtained do not shed functional light on how the position of the bromine influences activity. The data in Fig. 6B further extend the idea of tuning activity that is complementary to the all-or-none activity we report in Fig. 6A for GAT154 and GAT155. GAT904, with a bromomethyl func-tionality on the phenyl ring, is capable of effective DAA activity, but it shows very little primed potentiation. In contrast, GAT193 places the bromo group further from the aryl ring on a flexible propyl linker, and it is inactive for DAA but is still able to mediate primed potentiation. We consider that GAT904 may have enhanced kinetics for off-rate from, or suboptimal binding interactions in, the PAM site. GAT193 can clearly bind to the PAM site, but it may not be able to effectively bind at the DAA site. This is strongly supported in the docking studies, which show that GAT193 does not adopt the same family of poses that GAT107, GAT154, or GAT155 do (Fig. 8A) . The results demonstrate that it is possible to tune members of the TQS family for selective PAM behavior, ago-PAM behavior, DAA, and inhibition of DAA. Further studies in this series are underway to deduce the point-to-point interactions with the substituents in the TQS rings to optimize potency and selectivity for one or more of these different aspects of ago-PAM behavior.
What has newly emerged from these studies is a clear indication that the ␣7 nAChR has an additional and potentially druggable site, with molecules working at this DAA site allowing fine-tuning over a broad range of pharmacological responses. We and others are actively pursuing the further development and potential applications of these compounds. With the multitude of potential therapeutic indications proposed for ␣7, from Alzheimer disease to arthritis, it is exciting to consider that there is a new drug profile available to augment those already available. We may consider a range of drugs from full agonists to silent agonists, as well as the type I and type II PAMs, and now add ago-PAMs such as GAT107, which are uniquely able to both activate and modulate, and in so doing find improved matches between targets and therapeutics. 
